Abstract: Cardiovascular adaptations that permit successful exploitation of polar marine waters by fish requires a capacity to negate or compensate for the depressive effects of low temperatures on physiological processes. Here, we examined the effects of acute and chronic temperature change on the maximum cardiac performance of shorthorn sculpin (Myoxocephalus scorpius (L., 1758)) captured above the Arctic Circle. Our aim was to establish if the sculpin's success at low temperatures was achieved through thermal independence of cardiac function or via thermal compensation as a result of acclimation. Maximum cardiac performance was assessed at both 1 and 6°C with a working perfused heart preparation that was obtained after fish had been acclimated to either 1 or 6°C. Thus, tests were performed at the fish's acclimation temperature and with an acute temperature change. Maximum cardiac output, which was relatively large (>50 mL·min −1 ·kg −1 body mass) for a benthic fish at a frigid temperature, was found to be independent of both acclimation temperature and test temperature. While maximum ␤-adrenergic stimulation produced positive chronotropy at both acclimation temperatures, inotropic effects were weak or absent. We conclude that thermal independence of cardiac performance at low temperature likely facilitated the exploitation of polar waters by the shorthorn sculpin.
Introduction
Temperature, termed the "ecological master factor" for fish (Brett 1971) , has a profound influence on all physiological processes, and especially cardiac life support. In general, physiological rate functions are depressed at low temperature, for example with heart rate being slowed though direct actions on the cardiac pacemaker (Randall 1970; Harper et al. 1995) . Polar marine fishes inhabit the most frigid aquatic habitats. The temperature of Arctic seawater ranges from just above -2°C during the winter to 6-8°C in the summer; the Antarctic seawater temperature range is even narrower (Devries and Steffensen 2005) . The depressive effects of low temperature can potentially be compensated for through thermal acclimation (phenotypic plasticity) and adaptation (genotypic plasticity), which reset cardiac activity to new operational levels (see reviews by Farrell and Jones 1992; Farrell 1997 Farrell , 2009 Axelsson 2005; Franklin et al. 2007; Farrell et al. 2009 ). Therefore, researchers are understandably intrigued by the cardiovascular adaptations that permit piscine life in the planet's most frigid aquatic habitat.
Dominating the literature on piscine cardiovascular adaptations to polar habitats is information for Antarctic teleosts (Axelsson 2005) . A unique vertebrate adaptation is the loss of genes involved in the synthesis of haemoglobin and myoglobin in the Antarctic icefishes (family Channichthyidae) (Sidell and O'Brien 2006) . Icefishes compensate for their extremely low arterial blood oxygen content by having an exceptionally large heart (Zummo et al. 1995) that produces an unusually large stroke volume and cardiac output (Q ) despite its low heart rate (Axelsson 2005) . Cold acclimation in temperate fish similarly involves a car-diac enlargement, but to a much lesser degree (Farrell et al. 1988a) , as does experimental-induced anemia (McClelland et al. 2005; Simonot and Farrell 2007) . Thus, the extent to which cardiovascular adaptations of indigenous polar fishes are unique remains an open question.
Here, to further our rather limited knowledge of cardiovascular adaptations of Arctic fishes, we focused on an endemic population of the shorthorn sculpin (Myoxocephalus scorpius (L., 1758)) located near the Danish Polar Marine Station in Qeqertarsuaq (Godhavn; 69°15=N, 53°34=W) on Disko Island, Greenland. During our field expedition, the shoreline seawater temperature was 4°C, but it can reach 6°C, which is about 2°C higher than 100 years ago as a result of the accelerated warming of the Arctic (Seth et al. 2013) .
The shorthorn sculpin is considered to be a eurythermal benthic species indigenous to latitudes ranging from well above the Arctic Circle to far south (80°N-40°N, 95°W-60°E; http://www. fishbase.org/). Thus, by considering a species not necessarily isolated to a polar habitat, we avoided the issue of the geographic and evolutionary isolation common to previous studies on Antarctic fishes.
Our hypothesis was that the cardiac performance of the shorthorn sculpin, being a temperature generalist with a broad geographical distribution, should show thermal independence by performing well at frigid temperatures. In support of this hypothesis, routine Q in shorthorn sculpin (26-28 mL·min −1 ·kg −1 body mass, M b ) is relatively high when compared with the benthic winter flounder (Pseudopleuronectnes americanus (Walbaum, 1792)) (10-12 mL·min −1 ·kg −1 at 5-10°C; Cech et al. 1976; Joaquim et al. 2004; Mendonça and Gamperl 2009 ) as a result of a large routine stroke volume (1.23 mL·kg −1 ; MacCormack and Driedzic 2004; Farrell and Jones 1992) . Although routine heart rate (f H ) is similar to that of the winter flounder (around 22-35 min −1 ), maximum Q has not been measured in this species. Instead, routine Q has been measured using both direct (25.5 mL·min −1 ·kg −1 ; MacCormack and Driedzic 2004) and indirect (27.8 mL·min −1 ·kg −1 ; Goldstein et al. 1964 ) techniques, and only at an acclimation temperature (8-10°C) well above those encountered in Arctic waters. The idea of thermal independence at frigid temperatures has been suggested for Atlantic cod (Gadus morhua L., 1758) by Lurman et al. (2012) , who cite the present study as a personal communication and measured maximum cardiac performance using a similar experimental approach to that used here. They reported that the Atlantic cod heart could largely compensate for chronic and acute changes in temperature between 10 and 0°C. Although the ranges of Atlantic cod and shorthorn sculpin are known to overlap, the Atlantic cod used by Lurman et al. (2012) were a stock cultured in Newfoundland well south of the Arctic Circle, and this consideration introduces the potential for physiology differences among populations, which have been demonstrated previously for both Atlantic cod (Nelson et al. 1993 (Nelson et al. , 1996 and sockeye salmon (Oncorhynchus nerka (Walbaum, 1792)) (Lee et al. 2003; Eliason et al. 2011) . Therefore, until maximum Q is measured at polar temperatures and with local fish, it is impossible to determine whether cardiac performance of the Arctic shorthorn sculpin that inhabit polar regions is enhanced and thermally independent.
An alternative hypothesis tested by Lurman et al. (2012) was that thermal acclimation results in thermal independence owing to altered cardiac responses to adrenergic stimulation. In this regard, we reasoned that the shorthorn sculpin could take advantage of ␤-adrenergic stimulation, which is known to offset the depressant effect of cold temperature on the calcium transient of the cardiac sarcolemmal L-type channel in isolated rainbow trout (Oncorhynchus mykiss (Walbaum, 1792)) myocytes (Shiels et al. 2003) . However, at supraoptimal temperatures, cardiac ␤-adrenergic stimulation becomes blunted in rainbow trout (Farrell et al. 1996; Hanson and Farrell 2007; Hanson et al. 2005 Hanson et al. , 2006 . Consequently, we measured in vitro maximum cardiac pumping capability and adrenergic responsiveness in the shorthorn sculpin at acclimation temperatures of 1 and 6°C and after acute temperature changes.
Materials and methods
Shorthorn sculpins were caught by either hand line or rod and reel from shallow beach locations in Qeqertarsuaq during a 3 week period in August 2003 (3-4°C surface water temperature). In the absence of running seawater and plumbed aquaria at the Danish Arctic Marine Station, fish were held in one of two outside tanks that contained aerated seawater. Fresh seawater, manually bucketed from the seashore and carried to the laboratory, was added twice daily. In the absence of water temperature control, one tank was easily maintained at the ambient, shaded air temperature (6 ± 0.5°C) during the period of the experiments. Fresh seawater from the ocean was warmed to that temperature before being added to the holding tank. The other holding tank was successfully cooled to and maintained at 1 ± 0.5°C by placing bags of ice in the tank. The ice blocks, which were fragments of icebergs that were abundant on the local shoreline, were obtained twice daily. Cardiac assessments performed at 1°C started after a minimum 10 day acclimation period and after a minimum 5 day acclimation period for those performed at 6°C. These acclimation periods for temperature differences of only 2 or 3°C from ambient were limited by the duration of the field expedition (3 weeks in total) and may be shorter than desirable (see Discussion).
Perfused heart preparation
Maximum cardiac performance was assessed using an in situ, working perfused heart preparation (Farrell et al. 1982 (Farrell et al. , 1988b , one that that has been shown in other species to generate a level of performance equal to that observed in swimming fish (Farrell et al. 1996) and one that is adaptable to different fish species (Farrell et al. 1986 ). Briefly for the heart preparation, fish were anaesthetized (0.1 g·L −1 MS222), transferred to an operating sling where their gills were irrigated with aerated water at 4°C containing anaesthetic (0.05 g·L −1 MS 222) and 1 mL·kg −1 body mass of heparinized (100 IU·mL −1 ) saline was injected into the caudal vessels. Cardiac perfusion (with a perfusate (see composition below) containing a tonic level (5 nmol·L -1 ) of adrenaline (AD)) was begun immediately after a stainless steel input cannula had been secured into the sinus venosus via an exposed hepatic vein. Any remaining hepatic veins were ligated with silk suture thread. A stainless steel output cannula was then secured in the ventral aorta at a point confluent with the bulbus arteriosus to isolate the flow of perfusate to and from the heart, but leaving the pericardium intact. These procedures were completed in 10-15 min, after which the fish was fully immersed in a bath filled with 0.8% saline at the test temperature, either 1 or 6°C. The bath and perfusate temperatures were maintained with a circulating cooling unit (CB 8-30E, JOUAN Nordic A/S, Allerød, Denmark). The heart generated its own heartbeat and pumped perfusate against a fixed diastolic pressure head that had been set to achieve a routine mean output pressure of 3.0 kPa. Cardiac output was measured in the output line with an in-line 4.0 mm Transonic probe and flowmeter (T206, Transonic Systems, Ithaca, New York, USA) and was routinely set at ϳ13 mL·min -1 ·kg −1 body mass through fine adjustment of the cardiac filling pressure, adjustments that varied stroke volume but not f H . The Transonic probes were recalibrated at both test temperatures to compensate for the temperature dependency of the system. Filling and output pressures were measured at the tips of the input and output cannulae, respectively, and relative to the saline level in the bath via fluid-filled tubes connected to pressure transducers (DP6100, Peter von Berg, Medizintechnik, Germany). The flow and pressure signals were amplified (4CHAMP amplifier, Somedic, AB, Hörby, Sweden) and stored at a rate of 10 Hz on a Dell Latitude portable computer, which ran a custom-made LabView program (National Instruments Sweden AB, Kista, Sweden). The cardiovascular signals were viewed online throughout the exper-iment and processed to generate an online display of myocardial power output.
Routine cardiac performance (set for all experiments at 13 mL·min -1 ·kg −1 body mass, a mean output pressure of 3.0 kPa, and with the heart beating at its intrinsic pacemaker rate plus any contribution made by the 5 nmol·L -1 adrenaline in the perfusate) was maintained for up to 20 min before maximum cardiac performance was assessed several times with different levels of adrenergic stimulation using the following protocol. Maximum cardiac pumping ability (maximum Q ) was determined using incremental increases in filling pressure (i.e., a Starling response as illustrated in Fig. 1 ). Once a maximum Q was achieved, the diastolic output pressure was raised in increments of 0.5-1.0 kPa until a maximum power output was reached (because stroke volume began to fail at about 5 kPa, as shown in Fig. 2 ). Routine performance was restored prior to introducing a new AD concentration in the perfusate for a 10 min equilibration period before repeating the assessment. The AD concentrations tested in this manner (10, 50, and 100 nmol·L -1 ) were considered a physiologically relevant range (Milligan et al. 1989; Randall and Perry 1992; Gamperl et al. 1994) . Maximum adrenergic stimulation was achieved, as additional tests with 500 and 1 mmol·L -1 AD (data not shown) had no effect beyond those seen with either 50 or 100 nmol·L -1 AD. To complete the assessment of adrenergic cardiac control, the heart was perfused for 10-20 min with 50 mmol·L -1 sotalol, a nonspecific ␤-adrenergic agonist, before reevaluating maximum cardiac performance in the absence of any ␤-adrenergic stimulation.
Cardiovascular variables (input pressure, output pressure, stroke volume, Q , and f H ) were stored using custom software built in the LabView programming environment (National Instruments Sweden AB, Kista, Sweden). Myocardial power output (mW·g −1 ventricle mass) was calculated from the product of [Q (mL·min −1 ) × (output pressure minus input pressure) (kPa) × 0.0167] / ventricular mass (g). Ventricular mass was determined at the conclusion of each experiment when the cannulae were visually checked for correct positioning and is expressed relative to body mass (rMv). Myocardial power output is reported as mW·g −1 ventricle mass and Q is reported as mL·min −1 ·kg −1 body mass.
Six fish were acclimated to 1°C and tested at 1°C (M b = 225 ± 21 g, rMv = 0.131% ± 0.006%). Six fish were acclimated to 1°C and acutely tested at 6°C (M b = 202 ± 17 g, rMv = 0.133% ± 0.008%). Six fish were acclimated to 6°C and tested at 6°C (M b = 243 ± 11 g, rMv = 0.124% ± 0.006%). Six fish were acclimated to 6°C and acutely tested at 1°C (M b = 271 ± 27 g, rMv = 0.138% ± 0.008%). Relative ventricular mass was independent of acclimation temperature (1°C acclimated = 0.131% ± 0.006%, N = 12) and (6°C acclimated = 0.124% ± 0.006%, N = 15).
The perfusate contained (in mmol·L -1 ): NaCl, 150; KCl, 2.5; MSO 4 ·7 H 2 O, 1.0; CaCl 2 ·2 H 2 O, 5.0; glucose, 10; HEPES, 10 (Hartmund and Gesser 1996) . Perfusate pH was adjusted to 7.8 at 1°C and 7.6 at 6°C with TRIS (Sigma-Aldrich, Stockhom, Sweden) and equilibrated with air for at least 30 min prior to experimentation. Adrenaline bitartrate was purchased from Sigma-Aldrich (Stockholm, Sweden) and sotalol was purchased from Bristol Myers (Bromma, Sweden).
Data analysis and statistics
Temperature effects were assessed using a two-way ANOVA, with acclimation and test temperature as independent factors, followed by Tukey's post hoc tests (Minitab version 16; Minitab Inc., State College, Pennsylvania, USA). The effects of adrenaline and sotalol were assessed using paired permutation tests (StatBoss; Michael J. Lew, available from http://www.pharmacology.unimelb. edu.au/statboss/permutations%20test.html). Statistically significant differences were assigned when P < 0.05 and values are reported as means ± SE unless otherwise indicated.
Results

Maximum cardiac performance with tonic adrenergic stimulation in the shorthorn sculpin
In most preparations, routine Q (13 mL·min −1 ·kg −1 ) was generated using a subambient cardiac filling pressure, a level deemed previously for other fish species as a good index of cardiac integrity (Farrell et al. 1988b) . Increasing cardiac filling pressure to ≤0.3 kPa could quadruple Q (Fig. 1) , which reached ≥50 mL·min −1 ·kg −1 (Table 1) Increasing output pressure generally had little effect on cardiac power output between 3 and 5 kPa, which resulted in a maximum 1°C at 6°C 6°C at 1°C 6°C at 6°C 1°C at 1°C power output typically being >2 mW·g −1 ventricular mass (Fig. 2 , Table 1 ).
Temperature effects with tonic adrenergic stimulation
The effects of temperature on cardiac performance with tonic adrenergic stimulation are summarized in Figs. 3A-3F and Table 1 . Maximum Q and power output were independent of the acclimation temperature and when temperature was acutely changed between 1 and 6°C (Figs. 3A-3F ).
Although maximum cardiac performance was independent of temperature at 1 and 6°C, f H was not. Testing 1°C acclimated fish at their acclimation temperature resulted in f H being almost 33% lower (28.1 ± 1.1 min −1 ) than that for 6°C acclimated fish tested at their acclimation temperature (41.0 ± 3.0 min −1 ) (Figs. 3A-3F; P < 0.05). The effects of an acute temperature change on f H depended on the acclimation temperature. Acutely warming 1°C acclimated fish to 6°C significantly increased f H (40.1 ± 1.6 min −1 ), the rate observed with 6°C acclimated fish tested at 6°C. In contrast, f H was independent of acute cooling when 6°C acclimated fish were tested at 1°C (Fig. 3A) .
Effects of adrenergic stimulation
Increasing the AD concentration in the perfusate beyond 5 nmol·L -1 had weak stimulatory effects on maximum cardiac output and power output (Figs. 1, 2 ) that never reached statistical significance (Tables 1, 2) . Although a weak response, maximum cardiac stimulation was always achieved with 100 nmol·L -1 AD.
While maximum Q and power output for 1°C acclimated fish when tested at 1°C were unaffected by maximum adrenergic stimulation, f H increased significantly by 22% (from 28.1 ± 1.1 to 34.3 ± 1.3 min −1 ), an increase that could be blocked by sotalol without affecting maximum performance. When acutely warmed to 6°C, maximum adrenergic stimulation of 1°C acclimated fish again significantly increased f H by 27% (from 40.0 ± 1.6 to 50.9 ± 2.6 min −1 ) and the change in maximum Q or power output approached statistical significance (P = 0.063) (Figs. 3A-3F, Tables 1, 2 ). This chronotropic effect and increased sensitivity to filling pressure (Fig. 1) were partially blocked by sotalol without altering maximum cardiac performance.
For 6°C acclimated fish tested at 6°C, maximum Q and maximum power output but not f H were unaffected by maximum adrenergic stimulation. Blocking adrenergic stimulation with sotalol had no significant effect on either f H or maximum Q , but significantly reduced maximum power output (Fig. 2) and the sensitivity of the heart to filling pressure (Fig. 1) . When acutely cooled to 1°C, maximum adrenergic stimulation of 6°C acclimated fish was similarly without effect on maximum Q , maximum power output, and f H , whereas sotalol decreased f H significantly without any effect on maximum cardiac performance.
Discussion
Thermal independence of cardiac performance in the shorthorn sculpin
We present the first detailed study of the maximum cardiac capabilities of the shorthorn sculpin under frigid conditions. Although this eurythermal species has a broad geographical distribution that extends from temperate to polar bioregions, we measured maximum cardiac performance at ecologically relevant temperatures (1 and 6°C) for a population endemic to the west coast of Greenland above the Arctic Circle. We provide support for our primary hypothesis that maximum cardiac performance of this eurythermal sculpin was independent of the local annual temperature range. This physiological strategy of thermal independence for maximum cardiac performance means that the shorthorn sculpin can exploit frigid Arctic waters without temperature depressing convective support for internal oxygen delivery. Indeed, as discussed below, the relatively high maximum Q measured here is impressive when compared with other species.
We caution that the acclimation periods were necessarily short because of the limited nature of this field expedition (see the Materials and methods). Changes due to thermal acclimation are known to start within a few days (Wodtke and Cossins 1991) but may take up to 4 weeks (Seebacher et al. 2005; Franklin et al. 2007 ) to be completed. Nevertheless, the temperature change from ambient temperature that the fish were experiencing was small (2 or 3°C). Moreover temperature acclimation was evident for intrinsic f H and the response to sotalol. A much longer field expedition would be needed to ascertain if we underestimated the full extent of temperature acclimation here.
We conclude that the shorthorn sculpin should be considered a temperature generalist and well adapted for the frigid temperatures of the Arctic environment because maximum Q and power output were unaffected between 1 and 6°C. A similar conclusion was reached for the Atlantic cod by Lurman et al. (2012) . They reported that maximum cardiac performance was largely unaffected by chronic and acute decreases in temperature from 10 to 0°C, even though f H did vary appreciably with temperature, as was the case here. These conclusions contrast with the situation reported for the Antarctic teleost bald notothen (Pagothenia borchgrevinki (Boulenger, 1902) ), which has a high acute sensitivity to temperature yet a remarkable capacity for thermal compensation through acclimation of cardiac function between 1 and 4°C (Seebacher et al. 2005; Franklin et al. 2007) . Similarly, for burbot (Lota lota (L., 1758)), cardiac isometric force and pumping capacity were optimal at a 1°C acclimation temperature (Tiitu and Vornanen 2002) . Whether temperature independence of maximum cardiac performance identified here for the shorthorn sculpin between 1 and 6°C extends to the warmer temperatures of its more southern distributional range warrants further study. Conversely, it would be interesting to learn if the thermal independence of maximum cardiac performance of Atlantic cod extends to indigenous fish populations of the Arctic. ) and maximal adrenergic stimulation (see Table 2 ); dissimilar letters indicate differences between acclimation and test temperatures. Values are mean ± SE. Fig. 3 . The cardiac maximum performance ((A, B) heart rate (f H ), (C, D) cardiac output (Q ), and (E, F) cardiac power output) of the shorthorn sculpin (Myoxocephalus scorpius) after being acclimated to either 1 and 6°C and tested at both 1°C and 6°C using no ␤-adrenergic simulation (sotalol), tonic adrenergic stimulation (5 nmol·L -1 adrenaline), and maximum adrenergic stimulation (100 nmol·L -1 adrenaline). An asterisk and ns indicate whether or not, respectively, there was a significant difference with tonic adrenergic stimulation. Values are mean ± SE. 
Maximum cardiac performance in the shorthorn sculpin
No previous study has measured cardiac performance in shorthorn sculpins endemic to the Arctic. The maximum Q of 60 mL·min −1 ·kg −1 at 1°C is impressive (Farrell and Jones 1992) considering this sculpin is a sedentary sit-and-wait predator. Moreover, maximum Q is similar to in vivo performance at 10°C of the more athletic rainbow trout (51 mL·min −1 ·kg −1 ; Kiceniuk and Jones 1977) and the active cryopelagic Antarctic bald notothen at 1°C (60 mL·min −1 ·kg −1 ; Axelsson et al. 1992; Franklin et al. 2007 ). Perhaps a high maximum cardiac performance should not have been unexpected given the high in vivo routine Q previously reported for shorthorn sculpin at 8°C (MacCormack and Driedzic 2004) . In terms of maximum Q at 0-1°C, the shorthorn sculpin outperforms the Atlantic cod (54 mL·min −1 ·kg −1 vs. ϳ33 mL·min −1 ·kg −1 ). The shorthorn sculpin also has an impressive maximum cardiac stroke volume (ϳ2 mL·kg −1 ) under these frigid conditions, one that is twice that reported for rainbow trout at warmer water temperatures and greater than that measured in Atlantic cod (<1.5 mL·kg −1 ; Lurman et al. 2012 ). Thus, a high cardiac stroke volume clearly underlies the high maximum Q of this sculpin, a possibility that MacCormack and Driedzic (2004) had previously suggested. Similarly, Antarctic fishes show impressive values for Q and stroke volume. For example, Q was ϳ60 mL·min −1 ·kg −1 and stroke volume was 2 mL·kg −1 after exhaustive exercise in bald notothen (Franklin et al. 2007 ). The hemoglobin-free Antarctic icefish is exceptional in this regard, with a routine stroke volume of 4-8 mL·kg −1 and 60-118 mL·min −1 ·kg −1 for Q (see Axelsson 2005) ; the maximum cardiac capability of an icefish has yet to be measured.
The high rMv in shorthorn sculpin observed here (rMv = 0.13%-0.14%) resembles ventricular remodeling previously associated with cold-acclimation and sexual maturation in rainbow trout (Gamperl and Farrell 2004 ). The ventricle is twice the size commonly found in cold-water, benthic species (0.06%; Santer 1985) and about one-third of the unusual large icefish heart (rMv = 0.4%; Tota et al. 1991) . The discovery that a relatively large ventricle supports the high stroke volume in the shorthorn sculpin contrasts with an earlier suggestion that the high stroke volume was not a result of a large rMv for the shorthorn sculpin at 8°C (MacCormack and Driedzic 2004) . With the shorthorn sculpin heart being about one-third larger than the Atlantic cod heart (rMv = 0.089%; Lurman et al. 2012) , the relatively large ventricle of a shorthorn sculpin also generates for a lower power output per gram of ventricular tissue compared with Atlantic cod. The Atlantic cod and shorthorn sculpin differed in their maximum cardiac power output, which was 4.6 and 2.6 mW·g −1 , respectively. Also contributing to the higher maximum power output in Atlantic cod when compared with the shorthorn sculpin was a maximum output pressure between 5 and 6 kPa (Lurman et al. 2012) . Here, maximum output pressure for the shorthorn sculpin heart was ϳ5 kPa, which is higher than the routine ventral aortic pressure (2.8 kPa: Axelsson et al. 1987; 3.5 kPa: Fritsche 1990 ) and similar to the maximum ventral aortic pressure reported in vivo for shorthorn sculpins at 10°C (Fritsche 1990 ). The shorthorn sculpin heart also generates a relatively lower pressure compared with rainbow trout, despite having a similar maximum Q ; the maximum power output of <3 mW·g −1 is much lower than values reported for rainbow trout (see Gamperl and Farrell 2004) . Thus, the present study clearly shows that the shorthorn sculpin heart can be characterized as a cardiac pump with relatively high volume and low pressure generating abilities. Yet, rMv is similar for rainbow trout and shorthorn sculpin (Mendonça and Gamperl 2009 ). Thus, the low pressure generating ability of the shorthorn sculpin heart is possibly a result of some combination of cardiac contractility being limited by frigid temperature, a thin-walled ventricle relative to its large mass and anatomical volume (i.e., Laplace's Law of the heart), and a lack of compact myocardium. Alternatively, a low vascular resistance could be permissive for a heart with a low pressure generating ability. The benthic winter flounder also lacks a layer of compact myocardium and dorsal aortic blood pressure is routinely 2.9-3.5 kPa (Cech et al. 1976; Joaquim et al. 2004; Mendonça and Gamperl 2009 ), a range similar to ventral aortic blood pressure in the shorthorn sculpin.
Reports for routine in vivo f H of shorthorn sculpin vary considerably (22 min −1 at 8°C (MacCormack and Driedzic 2004) , 30 min −1 at 8°C (Campbell et al. 2004) , 35 min −1 at 10°C (Sundin et al. 2003) , 48 min −1 at 11-12°C (Axelsson et al. 1987) , and 40 min −1 at 10°C (Fritsche 1990) ), most likely reflecting the effect of different experimental protocol and instrumentation. Campbell et al. (2004) studied fish over several days, discovering that routine f H decreased over time, but not to the level observed by MacCormack and Driedzic (2004) . Routine f H of the shorthorn sculpin is normally set by an inhibitory cholinergic and excitatory adrenergic tone (Axelsson et al. 1987; Fritsche 1990) , as evidenced here, as well by atropine increasing and sotalol decreasing routine f H . Here, intrinsic and not routine f H was measured for 1 and 6°C acclimated fish (28 and 41 min −1 , respectively). These intrinsic rates are consistent with a vagal tone being present at warmer temperatures because at 10°C, f H reached 50 min −1 after vagal blockade (Fritsche 1990 ), a rate that is not much higher than the maximum f H discovered here for 6°C acclimated fish (47 min −1 ; Table 2 ), but certainly higher than that for 1°C acclimated fish (34 min −1 ). Thus, maximum f H may have a Q 10 approaching 2 for shorthorn sculpins acclimated to 1-10°C.
Adrenergic sensitivity of the shorthorn sculpin heart
The temperature dependency of cardiac adrenergic sensitivity is well established for fish (Ask et al. 1981; Ask 1983) . For perfused rainbow trout hearts, adrenergic stimulation has positive chronotropic effects at 10 and 15°C, but only positive inotropic effects at 5°C, although adrenergic stimulation did prevent cardiac arrhythmicity from occurring . In the eel (Anguilla anguilla (L., 1758)), ␣-adrenergic stimulation enhanced cardiac arrhythmicity at low temperature (Pennec and Peyraud 1983) . Compared with 18°C, acclimation to 8°C increased cardiac ␤-adrenergic sensitivity in rainbow trout, aided by a doubling of sarcolemmal ␤-adrenoceptor density (Keen et al. 1993) . Also, there is an enhanced adrenergic sensitivity of the peak current density of the L-type Ca 2+ channel in isolated rainbow trout cardiomyocytes at 7°C compared with 14 and 21°C (Shiels et al. 2003) . Three subtypes of ␤-adrenoceptors have been identified in fish hearts (Imbrogno et al. 2006 ), but we made no attempt here to distinguish which subtype generated the responses. We blocked all ␤-adrenoceptor-mediated responses with a nonspecific, competitive ␤-adrenoceptor antagonist sotalol. Indeed, while AD can simultaneously stimulate all ␣-and ␤-adrenoceptors subtypes, the rather limited responses to AD under any conditions and the effectiveness of sotalol in blocking these weak effects and in revealing a tonic adrenergic stimulation point to an important but relatively modest role of ␤-adrenergic stimulation in this species at these temperatures.
Given the importance of adrenergic regulation of cardiac activity in other fish species, and especially with cold-acclimated rainbow trout Keen et al. 1993) , we predicted that a similar situation could exist for the shorthorn sculpin. However, the adrenergic sensitivity of the perfused shorthorn sculpin heart can be best described as weak at 6°C and blunted at 1°C. The cardiac pacemaker rate was reset as a result of temperature acclimation, but adrenergic responsiveness was unaffected, with AD triggering a similar 20%-30% increase in f H at both acclimation temperatures. However, the weak positive inotropic effects of AD seen at 6°C (an increased sensitivity to filling pressure (a left shift in the Starling curve) and maximum power output almost reaching a statistically significant increase) were completely absent when tested at 1°C, independent of acclimation temperature. Even so, acclimation temperature did alter ad-renergic responsiveness because 6°C acclimated fish were more sensitive to 5 nmol·L -1 AD than fish acutely warmed to 6°C. Collectively, these responses suggest that ␤-adrenergic inotropy is likely completely blunted at 1°C, independent of the acclimation temperature, and both acute warming and acclimation to 6°C tend to increase adrenergic sensitivity of the shorthorn sculpin heart. The blunted adrenergic sensitivity previously reported for the Atlantic cod heart at cold temperature (either no effect of AD or maximum 15% stimulation) is consistent with the present results (Lurman et al. 2012) . Blunted adrenergic sensitivity has been reported for warm temperatures in other fish species such as sea bass (Dicentrarchus labrax (L., 1758)) at 18-22°C and tilapia (Oreochromis Günther, 1889 hybrid) at 22°C (Lague et al. 2012) .
In suggesting a blunted ␤-adrenergic sensitivity for the shorthorn sculpin under the Arctic conditions, we caution that perfusate Ca 2+ was relatively high and, theoretically, could have counteracted adrenergically mediated positive inotropy, negating our conclusions. However, the existing literature on excitationcontraction coupling in fish suggests that this confounding factor is unlikely. For example, for the benthic fish sea raven (Hemitripterus americanus (Gmelin, 1789)) at 10°C, tripling external Ca 2+ from 2.3 to 6.7 mmol·L -1 had no significant effect on cardiac performance (Farrell et al. 1984) , and addition of AD to the perfusate but not increasing external Ca 2+ to 4.5 mmol·L -1 prevented a 50% impairment to cardiac performance produced by extracellular acidosis (Farrell et al. 1983) . Similar effects of external Ca 2+ , AD, and isoproterenol are also reported for perfused rainbow trout hearts at 10°C (Farrell et al. 1986 ). Thus, increasing the open probability of the sarcolemmal L-type Ca channel with AD seems to be far more effective at increasing activator calcium in the fish heart than changing external Ca 2+ concentration. In contrast, halving Ca 2+ to 1.1 mmol·L -1 halves cardiac performance (Farrell et al. 1984) . Independent of these concerns, adrenergic inotropic stimulation was lowered at 1°C compared with 6°C without any difference in external Ca 2+ .
Our tonic AD concentration was intended to reflect known routine plasma catecholamine levels in other teleosts (1-3 nmol·L -1 ; Milligan et al. 1989 ) and preclude cardiac arrhythmia at cold temperature in the absence of adrenergic stimulation . Thus, by blocking all ␤-adrenergic effects with sotalol at the end of each experiment, we examined the effect of tonic adrenergic stimulation. This experimental approach revealed tonic effects of AD were present only for 1°C acclimated fish acutely warmed to 6°C. Further work is needed to fully explain the dissimilar adrenergic responses among fish species, especially at cold temperature.
In summary, based on a characterization of the maximum cardiac performance, we discovered that the shorthorn sculpin was capable of a high maximum Q that was thermally independent at ecologically relevant polar temperatures. Thus, the heart of the shorthorn sculpin appears to be to be well adapted to exploit its aerobic capacity under Arctic conditions year-round.
